Introduction
Over recent years a rapidly growing interest in optical-fibre technology (OFT) has been evident and the subject has matured to the point where its applications to different industrial activities are now clearly seen and their impact has been felt. Advances in optical technology have been spurred by research efforts at universities, research organisations and large corporations with activities devoted extensively to optical-fibre systems developments, especially for communications. In particular, electrical power systems have received considerable attention in terms of the potential applicability of OFT, and this trend is likely to continue for many years to come. The technology has been diverse enough to warrant several reviews of the field and developments within it since the late-1970s', the early 1980s 2 and the I990S 3 ,4. Major unknowns are how rapidly this technology will be adopted and where it will have the greatest impact.
Optical technology offers sufficiently significant advantages to power systems environments so that, to date, electricity industries all over the world have either seriously considered or indeed utilised a range of optical systems. There are also disadvantages and drawbacks. The difficulty ofjoining individual fibre segments under operational conditions (although largely overcome in the telecommunications industry) requires retraining of staff, the need for potentially complex signal processing to separate the required and unwanted effects imposed on optical propagation by external fields, and the lack of familiarity of traditional power systems engineers with the installation and operation of optical systems are major factors. However, most of the drawbacks that optical technology still possesses can be overcome on successful completion of additional research, development and training.
Although the power industry has been relatively slow to adopt OFT, data transmission using optical systems is now well established with communications applications representing the dominant use of fibreoptics systems in this field. Opticalfibre measurement is advancing, various techniques in optical signal processing are still under development and therefore there is still much research to be carried out into the applicability to the power industry. In this paper various aspects of research, development and the practical use of OFT in electrical power systems (EPS) are looked at and discussed.
Power systems requirements
Electrical power systems, when viewed as being organised in hierarchical form, can be seen to have become complex in recent years due to their range of structural, status and relevant technical issues. Such complexity, implemented in order to provide safer, cheaper and more reliable power to the consumer, requires better control, monitoring, protection, measurement and information transmission.
A prerequisite for safe and stable operation of an electrical power system is the accurate and reliable measurement of the major system parameters, in particular current and voltage. Traditionally this has been achieved on high voltage (HV) systems by expensive and bulky iron-cored current transformers (CTs) and voltage transformers (VTs). Both these devices are increasingly coming under review in modem power systems due to their cost, the safety implications for personnel and surrounding plant if failure occurs, the installation time required and indeed substation land requirements in expensive urban areas. The main interests have been in producing devices to replace conventional YTs and CTs, utilising the non-conductive nature of the optical components.
Other important functions for measurements in the industry are those for diagnostic and metering tasks. The former relate to those measurements which must be made in order to understand and solve special and unforeseen problems, and the latter to the need for the correct billing of customers. Measurement of dc electric fields above ground, in the presence of other conducting and distorting objects, has also been of particular interest. Operation of circuit-breakers (CBs) or disconnecting switches (DSs) to switch a small inductive or capacitive current can cause high-frequency surges, at frequencies ranging up to several MHz with voltages reaching significant levels. Investigation of such phenomena is very important to support the reliability of transmission circuits. Power system parameters such as temperature, strain and displacement form other functions of measurement that may routinely be required.
Data transmission in connection with power systems has become more and more complex as it forms the basis for stable and efficient operation of such systems. Dealing with sophisticated centralised control of supply systems has led to even more increasing demands on the integrity and bandwidth of the communications systems used. The traditional medium of power line carrier communications (PLCC) has limitations in respect of frequency allocations and channel availability. It is also becoming increasingly difficult and expensive to obtain reliable leased communication circuits for use in power systems applications.
A reliable telemetry system is also a prime requirement for proper operation of relay and protection schemes. Continuous metallic circuits used as communication channels do, at times, affect the reliability of protection and relaying systems due to extraneous voltage interference. As pilot circuits are often rented from telecommunication authorities, with the extensive use of electronic signal repeaters and complex switch equipment, direct transmission of power-frequency signals over long distances is also becoming less feasible. Most causes of false operations or failures to "trip" are in one way or another related to the pilot wire. The method of using fully insulated CTs for the relay protection of series capacitors in transmission systems is also becoming uneconomical and thus requires the application of new and more effective concepts.
Electrical power systems equipment that fulfils responsible functions requires supervision on a continuous basis. Cost-effective approaches to continuous on-line monitoring and the analysis of power transformers to identify changes in their operating conditions are required if major or indeed catastrophic failures are to be prevented. Traditional control-measurement systems cannot fulfil the expected tasks because of the adverse conditions in which the power system equipment may operate (e.g. various electrical potentials, EMI and changes of temperature). To support monitoring and control functions, as many locations as possible in an electrical" power system should be accessible, and the highest data rate likely to be required by any application should be efficiently and accurately handled.
Integration and co-ordination of the operation of a utility system based on a hierarchical control superimposed on a distributed local control structure requires local microcomputer networks linked together and installed in key control areas such as power plants, substations, and load centres, for example. Thus modem supervisory control and data acquisition (SCADA) systems should comprise linked local networks. Vibration monitoring, control of large remote heat systems, remote control of transformers, temperature monitoring of high-voltage cables and lightning observations form other functions of monitoring and control that are also important.
One of the most serious problems associated with power transmission lines is an electrical fault resulting in the cut-off of power transmission. Of the various kinds of power line maintenance information, these cases require the most rapid diagnostic processing. As a result, it is desirable to establish methods for immediate fault location in such situations. From the point of view of further improving the reliability of power equipment, quick recovery from faults in substations by promptly identifying the fault condition is very desirable. More rapid fault location results in faster restoration of power and consequently greater reliability.
None of the fault locators so far proposed and using conventional technology provides the optimum performance for them to be widely accepted. In these respects OFT can offer a new perspective. Within high-voltage substations, major concerns associated with point-to-point data transmission, voice or video interconnections, measurement, control and supervision systems are EMI, radio frequency interference (RFI) and ground mat potential differences. What is more, to support the complicated system management and improved protection algorithms of complex structures of substation protection and control systems, integrated digital protection and control (IDPAC) systems have been employed. High-speed, real-time information transformations offering robustness against EMI are just some of the most important factors governing the communication system design of IDPAC systems that can benefit from using OFT. Although most overhead lines are fairly standardised, still a wide variety of designs have been proposed, Detection of necessary and essential information for the maintenance of overhead lines has thus become highly desirable. Observation of meteorological conditions such as strong winds and icing, and investigation by television of abnormal phenomena such as vibration of conductors and lightning are also drawing the attention of power systems engineers to prove improved services, In applications involving power cables, particularly submarine cables that are often damaged by ship anchors or fishing equipment, locating damage is of high importance for their maintenance and reliability in use,
From the foregoing requirements it should be appreciated that these key areas of electrical power systems can be very good candidates for the application of optical technology to meet needs which are at present poorly met, and to offer the potential for the use of new and more cost-effective technology.
Applications in EPS
The application of optical technology in electrical power systems dates back to the 1960s and since then the subject has grown continuously, to the point where it is now making its presence felt in most key areas of the power systems industries. To incorporate and support the application of optical technology, many research themes and aspects have emerged, These include advances made in interfacing optical devices to power systems and the various methodologies developed for fibre construction. Most OFT applications involve only one task but some, for example, metering and monitoring, can actually involve more than one operation for a single system.
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power system parameters. This is due to the fact that, for example, the polarisation properties of propagation modes in optical fibres can be affected by external and environmental conditions. A variation in temperature will expand the fibre and alter the refractive indices of core and cladding; pressure may alter the shape of the cross-section, converting it from circular to elliptical cross-section; and a physical displacement may bend or twist the fibre. Although temperature measurement, pressure sensing, displacement measurement and vibration monitoring have been significant applications of OFT, the predominant parameters for power system optical measurement have been voltage and, in particular, current. The principle of optical voltage measurement (OYM) (Figure  3a ) is to measure voltages by using
Measurement
The use of OFT in EPS measurement has been somewhat less advanced than in communications systems. However, optical systems can be conveniently used to measure a range of poses where transmission distances Figure 1 shows the generic types of typically are no longer than I km. The OFT application areas in EPS and use of optical-fibre communication their percentage involvement, based links inside substations is due to both on the number of applications sur-their all-dielectric properties and the veyed. It is evident that the main areas facility to use optics widely in comof optical technology applications in munications. EPS are communications and measMedium-distance communication urement. Furthermore, communica-uses correspond to special-purpose tions and measurement also dominate s i g n a I I i n g . r
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the principal roles of OFT in other Examples of such EPS application areas 5 . This is illus-applications are trated in Figure 2 .
those operational functions exemplified by local protection where reliable and routine information needs to be communicated in electrically noisy environ-l -
Figure 3b: SchematiC ofthe Pockels effect' 8 . men s. Table 1 outlines briefly how commu-optical modulation and demodulation nications can benefit from optical in accordance with the Pockels electechnology.
tro-optic effect. The principle of optical current measurement (0CM) is to measure the magnetic field caused by a current, using optical modulation and demodulation in accordance with the Faraday magneto-optic effect (Figure 3b ). Both free-path and enclosed-path devices for separate Step index multimode fibre tion, wide bandwidth and ready availability resulting from its already widespread use nl in the specialist telecom mun ica tion n2 industry. However, due to the small core diameter, it is more difficult to achieve and maintain efficient coupling nI between a single-mode fibre and a light source. n2 Single-mode fibres do not allow the large number of modes possible in a multimode fibre to be propagated. They are employed in n I long-haul, high-bit-rate uses, and typically data n2 rates of 565 Mbits/s with regenerative secc) Graded-index multimode fibre tions of many tens of L.-.
--J kilometres are seen. Many traditional optical sensing schemes can be configured successfully using plastic optical fibre.
Sources
The two devices presently used most widely as light sources are the lightemitting diode (LED) and the injection laser diode (LD). A major difference between LEDs and LDs is that the optical output from an LED is incoherent whereas that from a LD is coherent. The light-emitting diode is a semiconductor device which typically emits light formed at the p-n junction, either from the junction strip edge or its surface. The light-emitting area is comparable with that of the typical muItimode optical-fibre core. A reasonably efficient light launch arrangement can be achieved by abutting the LED directly onto the fibre end. The injection laser diode is a semiconductor device in which lasing takes place within the p-n junction and light is emitted from the diode edge. There has been considerable progress made in the design of couplers and 'spot size converters' to enable light from practical semiconductor lasers to be coupled well into single-mode fibre of narrow diameter. different path lengths, pulse spreading is introduced which can seriously limit the bandwidth for use at long distances. As a result, its use is normally restricted to short-distance transmission and Iow-speed systems. Graded-index fibre has a silica core with the index of refractor changing with position across its profile. This causes the light signal to be less subject to pulse-spreading effects. Highquality, graded-index fibres can have optical bandwidths approaching I GHz and are appropriate for mediumhaul, medium-bit-rate links, typically up to 20 km at 34 Mbits/s. Figure 4 illustrates the characteristics oflight propagation in different fibres.
Plastic optical fibre has improved considerably in availability and speci- Features of optical·fibre sensors in applications and simultaneous measurement of voltage and current have also been reported1, 6 . OYM has been mainly concerned with AC rather than DC voltages. OCM has included measurements of DC currents in the nA and mA range, and AC currents up to tens of thousands of Amperes with frequencies as high as several MHz. Table 2 outlines shortcomings associated with conventional CTs used on EHV and UHV systems by the utility industry, and the advantages that OFT can offer in this respect.
It is also possible to determine the spatial distribution of a measurand as well as its temporal variation simultaneously. Distributed measurement offers this ability 7 but is usually expensive to implement. Applications involving temperature distribution in power transformers and high-voltage cables are just some of many examples. The most recent progress in optical current-sensing techniques has also been documented 8 . A number of aspects of the use of optical-fibre sensors in measurement have been discussed in detail in a series of texts9. A brief summary is given below of important aspects, especially those concerning power systems applications.
Fibres
The medium used for optical transmission is almost exclusively glass fibre, although plastic fibres are being increasingly applied for short distances, such as intra-substations and between generating plants and their associated switch yards. Glass fibres basically include single-mode step index, muItimode step index and multimode graded-index fibres.
Both multimode and monomode (single-mode) fibres have been widely employed, but the trend is towards the wider' use of single-mode fibre. The major reasons are its low attenua- 
Detectors
Detectors used in optical-fibre sensor systems need to be closely matched to the characteristics of the optical sources. The two major types of detectors used today are the positiveintrinsic-negative (PIN) and avalanche photodiodes which are well suited to the detection of red and nearinfrared light (from LD and LED sources). The former consists of heavily doped p and n regions separated by an undoped region of intrinsic silicon.
However, all-dielectric, self-supporting, optical cables strung on power transmission lines can suffer from electrical degradation, which is now generally acknowledged to be caused by dry-band arcing.
OPGWs, under development since 1976, have been extensively used and tested with regard to properties relating to optical, electrical and mechanical aspects. They have both lightning protection features, representing the original function of overhead ground wires, and an information transmission function because of optical fibres included within them. Although such fibres are rapidly gaining preference over other schemes, they are financially justifiable only when new overhead lines of more than 130 kV are being installed. The winding type of optical-fibre cable installation is, however, the most economical for existing overhead transmission lines.
The application, development, construction and installation of opticalfibre composite submarine cables have also been widely reported. Applications mostly include communications, temperature sensing and fault location; and they have brought about a revolution in both the reduction of trans-oceanic telephony costs and the Internet's wider potential for use.
because the information is contained within the presence or absence of light, as opposed to being contained in the magnitude of the detected light. Figure 5b illustrates the principle of digital modulation of an optical source. Recent publications l3 . 14 provide further discussion and classification of modulation methods. Experience has shown that where new power cables are being laid in the ground, separate fibre-optic cables in the same trench are the best solution. When installing fibre-optic cables along existing high-voltage overhead lines, a separate self-supporting cable, which is normally mounted centrally beneath the lowest phase conductor, is much more advantageous to use than an OPGW with a built-in optical fibre.
Construction: optical cables
Construction methods employed for the installation of optical transmission cables can be summarised as follows 3 ; o Optical overhead ground wire 
Modulation methods
The modulation techniques employed in optical systems vary widely in their performance and place in the sensor system itself. The principal methods used divide into: analogue modulation (AnM) methods such as amplitude modulation (AM), frequency modulation (FM) and intensity modulation (IM) for analogue data transmission; and digital modulation (OM) methods such as pulse code modulation (PCM) and pulse period modulation (PPM) for digital systems. Among the analogue methods, the IM technique is the most straightforward way of transmitting signals since no sampling or quantisation is required, but it often suffers from uncorrected losses in the fibre, e.g. from simple effects such as microbending of the fibre. Figure Sa shows distortion in the amplitude modulation of an LED source. FM and pulse FM techniques are commonly used as they improve the signal-to-noise ratio over that for the IM method by factors as large as 10-15 dB. The disadvantage is greater complexity and higher cost. PCM is an ideal candidate among OM methods for optical data transmission. This is Their combination is widely used in telecommunications applications and in a range of sensor schemes.
A number of different light sources, both coherent and incoherent, can be used in optical sensors for the power industry and new devices are being developed. A fuller review of these has been given by Grattan II . LEDs are cheaper and easier to use, whereas LDs are faster (providing fast pulse rates) with a more powerful output. With prices falling rapidly, however, LDs have a major future in this field. Table 3 shows the relative costs of some light sources and their estimated or acceptable performance range l2 .
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The ·latter is a specially constructed PIN diode with a reverse bias maintained just below the reverse breakdown point. In this state the diode is very sensitive to light.
PIN photodiodes are used for medium speed; medium distances and avalanche photodiodes are used for veryhigh-speed digital systems where signal levels are small. Some of the features of photodiodes are sensitivity to the desired wavelengths, high conversion efficiency, small capacitance and low leakage. A range of detectors is available to suit the wavelengths of sources being developed; and Jones and Weir!5 give a fuller discussion of detector technology.
Connectors
A number of types of connectors have been developed and are available for use both with multimode and singlemode fibres. For low-speed short-distance applications, low-cost plastic connectors (e.g. AMP Optimate) are quite adequate. However, for better performance characteristics, the most popular connectors are those of SMA style or the higher quality FSMA version. In applications where the maximum performance must be obtained from the system, very high performance connectors with losses in the range of 0.5-1 dB are used.
An evaluation of some of the most popular types of connectors, including ST, Bionic, FC/PC, SC and FSMA, for utility applications has been reported 16. That evaluation had been based on tests including repeatability, thread rotation, transverse stress on the connector assembly, connector tension, vibration, temperature cycling and bulkhead contamination. The effective use of connectors outside the laboratory is essential for practical cabling systems and installation engineers need to be able to use this technology to provide good quality transmission systems.
Splices
Fibre cable splicing has basically two essential requirements: accurately aligning the fibre ends without any gap, and joining them in a quick and easy way under field conditions. Fusion, mechanical, epoxy and elastomeric methods!2 are used for this purpose. But of these the most widely used are fusion and mechanical splicing. The former uses an electric arc to fuse the ends of the fibres together, and automated equipment is available for feed use to give high-quality joints. Extremely low losses of less than 0.2dB per splice can be achieved with fusion splicing. With the mechanical technique, fibres are joined using a mechanical connector that has special means to align the fibres. Losses of typically 0.1-0.5 dB can be achieved with this method!?
Conclusions
This paper has provided a brief overview of optical-fibre technology applications in electrical power systems. Communications applications represent the dominant use of opticalfibre systems in EPS and optical-fibre measurement is advancing. For the application of OFT in EPS to be more widespread, greater attention must be paid to the flexibility of the initial engineering design of optical technology as well as electrical power systems. Educating present and future engineers, with more emphasis on established practices and developing expertise involved in optical-fibre technology, is another important issue in this respect. More consideration should also be given to developments in opto-electronics and integrated optics, since signal processing aspects of applications in EPS are becoming ever more complex and of greater importance to today's engineers.
OFT has still much to offer EPS, and such technology has real potential to enhance the safety, stability, reliability, control, efficiency and management of electrical power systems operation. With continuous, on-going research and development, more and more possibilities are emerging and therefore the future does look both intriguing and stimulating.
